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Abstract 
Photocatalytic degradation by illuminated titanium dioxide has become an attractive 
method for pollution treatment. In this research, degradation of volatile organic 
compounds by this method was investigated. The degradation reactions were carried 
out in a fixed volume batch reactor that simulates an indoor environment. A preliminary 
study was conducted to degrade acetone and simple alkanes using this reactor. 
The photocatalytic activity of semiconducting titanium dioxide supported on an 
organophilic molecular sieves (Aldrich 41909-5) for the degradation of gaseous phase 
acetone was also studied. Catalysts with various weight percentages were prepared by 
mixing different stoichiometric amounts of P25 TiO2 and molecular sieves powders. 
The optimum normalized degradation efficiency was found to occur over the catalyst 
containing 50 wt.% TiO2 and 50 wt.% molecular sieves. The normalized degradation 
efficiency was 41% higher than that of pure P25 TiO2. 
1/ 
In addition, a demonstration of photocatalytic degradation of another gaseous organic 
pollutant, dichloromethane with sunlight was also recorded in this thesis. The purpose 
of this demonstration is to arouse interest in the technique by showing students how 
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Chapter 1. Introduction 
1.1. Indoor Air Pollution 
Indoor air pollution is a serious problem. In the late 1970s, US Environmental 
Protection Agency (US EPA) and Harvard University began a Total Exposure 
Assessment Methodology (TEAM) study. In this study, sources of pollutants, their 
transport and fate in the environment were studied. They found that, regardless of the 
community examined-rural, lightly industrialized, or highly industrialized-indoor air 
pollution was the major source ofhuman exposure to many air pollutants [1]. 
Most people are aware that outdoor air pollution can damage their health. But they may 
not know that indoor air pollution can also have significant effects. Some studies by US 
EPA about human exposure to air pollutants indicate that indoor air levels of many 
pollutants may be 2-5 times, and occasionally more than 100 times, higher than outdoor 
levels. These levels of indoor air pollutants are of particular concern because it is 
estimated that most people spend as much as 90% of their time indoors [2], and in 
other enclosed places such as underground mines, where air is slowly replenished [1， 
3]. 
Over the past several decades, our exposure to indoor air pollutants is believed to have 
increased due to a variety of factors. It includes the construction ofmore tightly sealed 
buildings, reduced ventilation rates to save energy, the use of synthetic building 
materials and furnishings, and the use of chemically formulated personal care products, 
pesticides, and household cleaners [2]. 
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The U.S. EPA reported in 1985 that toxic chemicals found in almost every home are 
three times more likely to cause some type of cancer than outdoor air pollutants [3]. 
There are many sources of indoor air pollutants. Typical examples are volatile organic 
compounds and several criteria air pollutants. 
Air pollutants have numerous harmful effects on human health. The types and severity 
of these effects depend on the particular chemicals involved, their concentration in the 
air, and exposure time [3]. In addition to acute effects of individual pollutants, chronic 
problems may arise from ongoing exposure. 
Volatile Organic Compounds 
Volatile Organic Compounds is one of the most harmful sources of indoor air 
pollutants. Some are toxic compounds which cause acute effects to our bodies. Some 
are carcinogens and cause chronic problems. 
“ 
Definition ofVOC 
Actually, Volatile Organic Compounds (VOCs) belong to a category that contains a 
very large number of easily evaporated organic compounds. According to the definition 
used by WHO and the US EPA, VOCs are substances which contain carbon atoms and 
have a minimum vapor pressure of 0.13 kPa at standard temperature and pressure (293 
K, 101 kPa). They exclude organometallic compounds and organic acids [4]. 
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Main sources of volatile organic compounds of the indoor air environment 
Typical sources of VOCs are from construction materials, numerous consumer 
products, auto maintenance shops, wood-drying or wood-painting operations, and even 
freshly painted houses. Large bakeries also emit large amounts of ethanol formed by the 
action of yeast. Sewage treatment plants and composting operations often emit VOCs 
with objectionable odors. VOCs are also emitted from combustion appliances such as 
wood stoves, gas stoves, and kerosene heaters or emitted by hobby materials, new rugs, 
furniture, drapes, rugs, and clothing [1]. 
Between 1979 and 1987，the US EPA carried out several TEAM (Total Exposure 
Assessment Methodology) studies to measure personal exposure of the general public 
to VOCs in several geographic areas in the United States [5]. From the results of the 
study, the major sources ofVOCs are listed in Table 1. 
Table 1: Common Volatile Organic Compounds and Their Sources 
ti 
Volatile Organic Compounds Major sources of exposure 
Acetone Cosmetics 
Alcohols (ethanol, isopropanol) Spirits, cleaners 
Aromatic hydrocarbons Paints, adhesives，gasoline, combustion 
(toluene, xylene, ethylbenzene, sources • 
trimethylbenzene) 
Aliphatic hydrocarbons(octane, decane, Paints, adhesives, gasoline, combustion 
undecane) sources 
Benzene Smoking, auto exhaust, passive smoking, 
driving, pumping gas 
Carbon tetrachloride Fungicides, global background 
Chloroform Showering (10 min average), washing 
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clothes, dishes 
p-Dichlorobenzene Room deodorizers, moth cakes 
Formaldehyde Pressed wood products 
Methylene chloride Paint stripping, solvent use 
Styrene Smoking 
Tetrachloroethylene Wearing or storing dry-cleaned clothes, 
visiting dry cleaners 
1，1，1 -trichloroethane Wearing or storing dry-cleaned clothes, 
aerosol sprays 
Trichloroethylene (TCE) Cosmetics, electronic parts, correction 
fluid 
Terpenes (limonene, a-pinene) Scented deodorizers, polishes, fabrics, 
fabric softeners, smoking, food, beverages 
Health Effects to Human Being caused by Some Major indoor VOCs 
Acute effect of VOCs at high (ppm) levels include eye, nose and throat irritation, and 
central nervous system responses such as dizziness, headaches and loss of short-term 
memory [6]. 
II 
Some VOCs are considered to be human carcinogens (benzene, vinyl chloride). Others 
•> 
are carcinogens to animal and may be carcinogens to human (methylene chloride, 
trichloroethylene, tetrachloroethylene, chloroform, p-dichlorobenzene). Others are 
mutagens (a-pinene) or weak animal carcinogens (limonene) [6]. 
Table 2: The sources and threats of some VOCs [3] 
VQCs S0wrcc Threat “ 
Chloroform Chlorine-treated water in hot Cancer 
showers 
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Dichlorobenzene Air fresheners, mothball crystals Cancer 
Tetrachloroethylene Dry-cleaning-fluid Nerve disorders, 
Fumes on clothes damage to liver and kidneys, 
possible cancer 
Formaldehyde Furniture stuffing Irritation of eyes, throat. 
Paneling Skin, and lungs, nausea, 
Particle board dizziness 
Foam insulation 
Benzo-a-pyrene Tobacco smoke Lung cancer 
Wood stoves 
Styrene Carpets Kidney and liver damage 
Plastic products 
Methylene Chloride Paint strippers and tinners Nerve disorders, diabetes 
1,1,1 -Trichloroethane Aerosol sprays Dizziness, irregular breathing 
In our study, acetone is used for a target pollutant for it is a common solvent in 
research or industrial laboratories. Acetone is used as solvent in paints, lacquers and 
varnishes, and as a solvent for cements in the leather and rubber industries. It is also 
used for cleaning and drying purpose [7]. „ 
To investigate if acetone is a regional pollutant in Denmark, time synchronized field 
measurements of acetone and other pollutants were performed at different sites in 
winter and summer by the researchers of University of Odense and National 
Environmental Research Institute in 1996. The correlation between measurements at 
Keldsnor and the inland sites for acetone in the winter and summer campaign indicates 
that acetone is a long range transported compound and thereby a regional pollutant in 
North Europe [7]. 
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1.2. Typical Treatment ofAir Pollutant 
For control of gaseous pollutants, there are several commonly used technologies, the 
choice depends on the properties of the pollutants and the required removal efficiency. 
Adsorption 
The adsorbents commonly used for the gaseous pollutant treatment are the amorphous 
adsorbents such as activated carbon, silica gel, activated aluminum oxide, silicon oxide 
or the crystalline adsorbent likes molecular sieves. The rate of removal of the target 
gases can be very high. The adsorbents usually can be reused many times. However, the 
pollutants collected in the adsorbents need further treatment, otherwise, the solids with 
pollutants adsorbed will create disposal problem. 
Absorption (Air scrubber) 
This technology can remove one or more selected components from a gas mixture by 
“ 
dissolving the gases into a solvent. This technology can achieve relatively high mass-
transfer efficiency if suitable solvents are chosen. However, another air pollution 
problem will be caused by the volatile solvents themselves. Again, it is necessary to 
ftirther treat the dissolved gaseous pollutants by other technologies for the purpose of 
detoxification. 
Condensation 
The gaseous pollutants can be converted to liquids by lowering the temperature or 




This is a common and efficient method for low concentration gaseous pollutant. It will 
produce products of incomplete combustion or otherwise undesirable and toxic by-
products that may require additional controls. 
Photocatalytic degradation 
Photocatalytic degradation is an alternative method for the complete mineralization of 
VOCs in process air streams. Photocatalysis offers a number of possible advantages 
over the conventional technologies. The tradeoff of photocatalysis is the need for a 
light source. Moreover it needs a reactor made of glass or quartz to transfer the UV 
light into the surface of the photocatalyst which is coated on the inner part of the 
reactor. 
1.3. Photocatalytic Degradation over Titanium Dioxide 
•I 
The first report of photocatalytic reactivity involving semiconductor metal oxides and 
sulfides appeared in 1921 [8]. Problems related to hazardous waste remediation have 
emerged as high national and international priorities for more than 10 years. In order to 
solve the pollution problems, extensive research is underway to develop advanced 
methods for the elimination ofhazardous chemical compounds from air, soil and water. 
On average, over the last ten years, there are more than 200 papers published per year 
in the areas of water, air and wastewater treatment. Method of photocatalytic 
degradation uses transition metal oxides as catalysts, and makes use of light as the 
energy source, to generate redox reaction to oxidize or reduce pollutants [9]. 
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Semiconductors (e.g. TiO2, ZnO2, Fe2O3, WO3, CdS, ZnS) can act as catalysts for 
light-induced redox processes due to their electronic structure, which is characterized 
by a filled valence band and an empty conduction band. These semiconductors have a 
moderate energy band-gap (1-3 eV) [8-10]. When a photon with energy hv is equal to 
or higher than the band gap energy (Eg) of a semiconductor, an electron (Ccb") in the 
valance band (VB) is excited to the conduction band (CB) and a positive hole, hvb+ is 
left behind. Thus highly reactive electron-hole pairs are created. After migration to the 
catalyst surface, these electron-hole pairs may undergo electron-transfer processes with 
the adsorbed species. The valence-band holes are powerful oxidants (+ 1.0 to + 3.5 V 
depending on the semiconductor and pH) while the conduction-band electrons are good 
reductants (+ 0.5 to -1.5 V) [11]. The hydroxyl ion or water molecules adsorbed on the 
surface of the catalyst are oxidized by the positive holes and the reactive oxidant 
forming hydroxyl radicals. These hydroxyl radicals will be the main oxidants to degrade 
the organic pollutants adsorbed on the surface of the catalyst. The redox powers of 
“ 
several species involved in the degradation of pollutants are listed in Table 3 [12], 
Table 3: Redox Power of Agents for Pollution Abatement 
Species Standard reduction potential vs standard hydrogen electrode* 
(Volts) 
Fluorine, F2 ^ “ 
Hydroxide radical, .OH 2.80 “ 
h+cB (TiO2) “ 2.70 “ 
l02 ^ 
Ozone, O3 ^ “ 
Permonosulphuric acid H2SO5 1 g 1 
8 
Hydrogen peroxide, H2O2 1.78 
KMnO4 L7 
Superoxide radical, *62 -0.33 
e'cB (TiO2) ^ ^ 
Hydrated electrons -2.90 
*The more negative the potential, the better the species is as a reducing agent 
Excited-state conduction-band electrons and valance-band holes can recombine and 
dissipate the input energy as heat. These electrons and holes will be trapped in 
metastable surface states, or react with electron donors and electron acceptors 
adsorbed on the semiconductor surface, or within the surrounding electrical double 
layer of the charged particles. This can then be used to decompose a pollutant 
chemically into harmless end-product. Most organic photodegradation reactions utilize 
the oxidizing power of the holes either directly or indirectly [9]. 
The illumination ofTiO2 with light of wavelength < 400 nm generates excess electrons 
“ 
in the conduction band (e' cB) and positive "holes" (h+vB) in the valence band. 
TiO2 + hv > e"cB+ h+vB (1) 
From a physical point of view, the absorption of the ultra violet light by TiO2 induces 
the formation of electron-hole pairs. The photo-induced pairs can subsequently evolve 
in different pathways: (i) they can recombine with emission of thermal energy and/or 
luminescence or (ii) react with electron acceptor or donor species giving rise to 
reduction and oxidation processes, respectively [13]. 
The potential energy of the photogenerated electrons and holes can be given up to a 
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redox couple with suitable redox potential. That means it is less positive than that of the 
valence band of the semiconductor (holes oxidize the reduced species of the couple) 
and more positive than that of the conduction band of the semiconductor (electrons 
reduce the oxidized species of the couple) [13]. 
At the surface the "holes" react with either physisorbed H2O or chemisorbed OH" 
groups to form *OH radicals. 
h+vB + H2O(ads) > #OH(ads) + H+ (2) 
h+vB + OH"(sur) > *OH(ads) (3) 
To prevent the recombination of the electron-hole pairs, a reducible species should be 
provided to react with the conduction-band electrons. Oxygen is one of the usual 
species for these purposes. Excess electrons in the conduction band probably react with 
molecular oxygen to form superoxide ions: 
e 'cB + O2 > *02' (4) 
ti 
which can further disproportionate to form more *OH radicals. 
2.02' + 2H2O >2#OH + 20HT + O2 (5) 
The *OH radicals are extremely reactive and readily attack organic molecules 
eventually degrading them to CO2 and H2O (and halide ions when the organic molecule 
contains halogen atoms) [9]. 
Photocatalytic Degradation by Titanium Dioxide for Indoor Air Pollution 
Treatment 
A number of varied applications exist for which it would be desirable to have an 
10 
efficient process for the removal or destruction of dilute levels of organic contaminants 
in air. They include air purification / handling systems for completely or partially 
enclosed living or working environments, off-gas treating of water treatment facilities, 
and emission control in process and manufacturing plants [14]. Heterogeneous 
photocatalysis has been shown in recent years to oxidize a broad contaminant range; 
potential air treatment applications arise in building environments, space craft, factories, 
and homes [15], Attractive advantages with photocatalysis for air treatment and 
purification are: 
1) The photocatalytic reactions can take place in ambient temperature and pressure 
conditions [15]. 
2) Molecular oxygen can be used to generate the main oxidant, hydroxyl radicals for 
the gaseous pollutant treatment [14-15]. 
3) Chemical activation is provided solely by photo-excitation of the solid catalyst by 
near-ultraviolet light; thermal or other energy forms are not required, making the 
process inherently energy-efficient [14]. 
•> 
4) The final oxidation products are usually innocuous (CO2 and H2O for the oxidation 
of small hydrocarbons) [15], 
5) This technology can handle different volatile organic compounds in the same gas 
stream. 
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6) Under the proper conditions the catalyst activity was stable over extended operation 
[14]. The catalyst can be reused for a long time without any treatment. The 
deactivated catalyst can be reactivated with some easy procedures. 
1.4 Advantages of Titanium Dioxide as a Photocatalyst 
Photocatalysis has been extensively studied over the past two decades. TiO2, ZnO, 
Fe2O3, WO3, CdS, ZnS were reported to be commonly used photocatalysts for the 
degradation of a variety of organic contaminants. These materials have the advantage 
of an absorption spectrum reaching through the ultra violet region and extending to 
near the visible spectral domain [8,9]. Their band-gaps are listed as follows: 
Table 4: Band-gaps of Some Semiconductors [9-10] 
Semiconductor Band-gap, Eg 
(eV) 
^ 2 3.0-3.2 
S i ^ l 6 
•• 
^ Z8 
SrTiO3 3 2 
a-Fe2O3 T i 
(for 02-~>Fe3+transitions) 




However, when factors of photo-stability, toxicity, cost, availability and redox 
efficiencies [13,16], are all considered, TiO2 becomes the best choice as the 
12 
photocatalyst. It is biologically and chemically inert, stable with respect to 
photocorrosion, and chemical corrosion, and is inexpensive [9]. 
The primary criteria for good semiconductor photocatalysts for organic compound 
degradation are that the redox potential ofthe I^O/.OH (OH" ~> •OH + e" ； E° = -2.8 
V) couple lies within the band gap domain of the material and that they are stable over 
prolonged periods of time. The metal sulfide semiconductors are unsuitable based on 
the stability requirements in that they readily undergo photoanodic corrosion. The iron 
oxide polymorphs (a-Fe2O3, a-FeOOH, p-FeOOH, 5-FeOOH and y-FeOOH) are not 
suitable semiconductors, even though they are inexpensive and have nominally high 
band gap energies, because they readily undergo photocathodic corrosion. ZnO appears 
to be a suitable alternative to TiO2; however, ZnO is unstable with respect to 
incongruous dissolution to yield Zn(OH)2 on the ZnO particle surfaces, which leads to 
catalyst inactivation over time [9]. 
CdS and CdSe have narrower band gaps, making them sensitive to incident light'in the 
visible spectrum [17]. Photocorrosion is significant and can only be partly suppressed 
by the additiort of sulfide and sulfite to the contacting solution. a-Fe2O3 (Hematite), for 
example, absorbs in the visible region but shows much lower photocatalytic activity 
than TiO2 or ZnO, probably because of corrosion or the formation of short-lived 
metal-to-ligand or ligand-to-metal charge transfer state [9]. Moreover, In2O3 and 
SrTiO3, as well as SnO2 and WO3, typically demonstrate much lower levels of 
photoactivity than TiO2. Finally, SiO2 and MgO, as insulators, are not active 
photocatalysts [17]. 
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Polycrystalline TiO2 in the anatase or rutile phase, is the most widely used 
semiconductor as a photocatalyst because it is photo-stable, and the band-gap value 
(3.0 and 3.2 eV for rutile and anatase, respectively) is not very high and because of the 
fact that it does not present any toxicity. Moreover, TiO2 fiilfils the thermodynamic 
requirements needed for the occurrence of most of the photolcatalytic reactions [13]. 
1.5 Applications of Photocatalytic Degradation in Pollution 
Control 
Photocatalytic purification of water and air has become one of the more promising 
remediation technologies. Many works have been published in this area. In addition, a 
very extensive bibliography has been published containing over 600 references covering 
many areas of photocatalytic research [18]. Of this impressive number of publications, 
few studies have been performed in the gaseous phase. It may be because gas phase 
experiments are more difficult to handle. “ 
The application of illuminated semiconductors for the degradation of pollutants has 
been used successfully for a wide range of compounds such as alkanes, aliphatic 
alcohols, aliphatic carboxylic acid, alkenes, phenols, aromatic carboxyl acids, dyes, 
PCB's，simple aromatics, halogenated alkanes and alkenes, surfactants, and pesticides 
as well as for the reductive deposition of heavy metals (e.g. ?t^\ Au^\ Rh^\ Cr(VI)) 
from aqueous solution to surfaces [9]. 
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1.5.1 Aqueous Phase Decontamination 
Extensive works have shown that many organic waste products can be completely 
mineralized on irradiated TiO2 suspended in water [17]. The complete mineralization 
(i.e., oxidation of organic compounds to CO2, H2O and associated inorganic 
components such as HC1, HBr, SO4^ ", N0^", etc.) of a variety of aliphatic and aromatic 
chlorinated hydrocarbons via heterogeneous photooxidation on TiO2 has been reported 
[9]. 
The general classes of organic compounds in aqueous solution that have been 
photocatalytic degraded by TiO2 were listed in HofFmann's review in 1995 [9]. They 
included alkanes, haloalkanes, aliphatic alcohols, carboxylic acids, alkenes, aromatics, 
haloaromatics, polymers, surfactants, herbicides, pesticides, and dyes. 
1.5.2 Gas Phase Decontamination 
From a review by Peral et al. [8], the field of gas-solid heterogeneous photocatalytic 
•I 
degradation began in 1971 by various researchers. Potential gas-solid applications 
include not only partial oxidation but also production of gaseous fuels, NOx removal 
from power plant exhausts and oxidative destruction of building and factory air 
contamination. • 
In 1997, Peral et al. [8] reviewed the different types ofreactions studied in the field of 
gas-phase heterogeneous photocatalysis. These reactions were classified in one of the 
following groups: 
(1) Oxygen adsorption phenomena 
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(2) Isotopic exchange onto the catalyst surface 
(3) Oxidation of alkanes 
(4) Oxidation of alcohols and ketones 
(5) Oxidation of aromatics 
(6) Organic acid decarboxylation (photo-Kolbe reaction) 
(7) Oxidation ofheteroatom organic compounds 
(8) Oxidation oftrichloroethylene (TCE) 
(9) Ammonia oxidation 
1.6 Development of the Photocatalytic Degradation 
Technique 
The influence on the photoreactivity of the preparation method and the crystalline 
phase of the catalyst along with some kinetic factors were studied in the published 
papers for the photocatalytic reactions. The kinetic factors included [13]: 
(i) the recombination rate of the photoproduced pairs; 
•I 
(ii) the adsorption-desorption of the reagent species on the catalyst surfaces; 
(iii) the rate of the charge transfer from the surface of the solid to the reagents. 
The above factors can be influenced by the presence of some metals deposited on the 
surface of the catalyst particle and by the presence of some inorganic species such as 
Ag+，Fe2+, Fe3+，Cr�+，Cu^ ^ and H2O2. They are used as additives in the reaction medium 
(for the aqueous phase reaction) or as dopants for the TiO2 (or some other 
semiconductors) [13]. The dopants of metals will be reviewed in section 1.6.3. 
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1.6.1 Pure TiO2 
Some titanium dioxides were apparently identical chemically but showed different 
photoactivities due to the various routes of preparation or the same method of 
preparation but some varying experimental parameters [13], The studies about the 
properties of pure TiO2 photocatalyst are classified into two fields. 
Preparation methods for titanium dioxide: 
The starting materials and the calcination temperature of the preparation of the titanium 
dioxide will affect the photoactivity of the catalyst. Various methods for the 
preparation of pure TiO2 or mixtures with other species are used in different research 
fields. 
Deactivation of the photocatalyst: 
Few researchers had reported photocatalyst deactivation until recently [8]. Cunningham 
et al. [19] examined 2-butanol and 2-propanol oxidation over illuminated TiO2 and 
II 
ZnO at high alcoholic concentration (about 25000 ppm in air) in 1981. In 1992, Peral 
and 011is found that TiO2 activity decayed when photooxidizing 1-butanol at 140-260 
ppm concentration in air [20]. They also explored the possibility of permanent catalyst 
deactivation in the photocatalytic oxidation of decamethyltetrasiloxane* (DMTS), 
pyrrole, indole and dimethylsulfide (DS) at a concentration of200 ppm in air (in 1000 
ppm water vapor) [21]. 
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1.6.2 Design of the Reactors 
A variety of photochemical reactor configurations have been employed in 
photogradation studies and for actual treatment situation. 
Aqueous phase reactors: 
Zeltner et al. [22] reviewed many different kinds of decontamination photoreactor 
designs in 1993. For degradation of aqueous phase pollutants, some typical kinds of 
reactors studied were: 
(1) Annular flow reactor by Sabate et al. in 1991 [23], It suffered from several 
limitations. The Pyrex tube had to be specially fabricated and thus limiting the 
reactor's availability. Moreover, the light source used in this reactor caused 
significant heating of the reaction solution and an additional water jacket was 
needed. 
(2) Screening reactor by Aguado et al. in 1993 [24], It could minimize the fabrication 
•• 
and heat problem of the annular flow reactor but it also suffered from processing 
capacity limitations because the amount of catalyst used was small. 
(3) Fiber-optic reactor by Gapen et al in 1991 [25]. Special silica optical fibers were 
stripped oftheir cladding coated with the titanium dioxide with a view to increase 
the effective surface area of the catalyst. However, the coated fibers were much 
more fragile and made it difficult for application. In 1996, an optical fiber cable 
reactor (OFR) was studied by Peill and Hoffmann [26]. The distribution oflight as 
a function ofincident light were investigated. 
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(4) The reactor through use of periodic illumination was studied by Sczechowski in 
1993 [27]. It was based on the hypothesis that controlled periodic illumination 
increases the photoefFiciency of photocatalytic reactions. The principle is that the 
fast generation of excess electrons/holes pairs recombine quickly because of the 
amount of them is large. The study was limited to reactions in aqueous solution of 
decomposition of formate. 
(5) The concept ofthe reactor using electricity was that the biasing the photocatalyst 
coating employed in the reactors would minimize the rates of the recombination 
process of the electron/Me by providing a sink for the photoelectrons. It was 
proved that the application of a + 0.3 V (vs SCE) biasing potential to a titanium 
dioxide membrane increased the rate of degradation of formic acid by 20-30 % 
[22]. 
Hoffmann et al, also discussed two kinds of photoreactors for water treatment irt 1995 
[9]. They were fluidized and fixed bed reactors. Fixed bed reactors require 
configurations with immobilized particles or semiconductor ceramic membranes which 
allow continuous use of the catalyst for processing of aqueous phase effluents. 
Gas phase reactors: 
For gaseous phase reactors, 011is [28] has discussed the configuration of the 
photoreactors for purification and decontamination ofair in 1993. In this paper, the 
powder layer, transport (powder) reactor, fluidized bed (coated particles) reactor and 
coated monolith reactor were discussed. Ollis's paper summarized reactor 
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configurations potentially available for air treatment. Wang and Marinas [29] also listed 
some types of reactors used in the gas phase photoreactions in 1993. They were: 
(1) The rotating moving-bed bench-scale reactor was used by Bickley and Stone [30] 
for the degradation of gas phase isopropanol by fluorescent light (360 nm). Daroux 
et al. [31] studied the photocatalytic oxidation of ethane in a similar moving-bed 
reactor but with additional mixing to suspend the catalyst titanium dioxide. 
(2) The fixed bed reactor with titanium dioxide sprayed on the reactor walls or 
attached onto a metallic screen as supporting material was used by Djeghri et al. 
[32] and Formenti et al. [33]. 
(3) Dibble and Raupp [34] studied the kinetics of gas phase trichloroethylene (TCE) 
photocatalytic degradation in 1990 by passing the process gas stream through a 
filter paper covered with TiO2 with the surface exposed to fluorescent light. 
•I 
(4) Xu and Anderson [35] studied a gas phase annular packed-bed reactor with 
structure similar to that for aqueous solution used by Sabate et al. [23]. Raupp 
^t.al. also investigated the effect oflight in a packed-bed reactor [36]. 
Peral et al. also summarized various gas-solid photocatalytic reactor configurations in 
1997 [8]. They were: 
(1) Transport reactor by Ayoub in 1986 [37]. 
(2) Fluidized bed reactor by Cant and Cole in 1992 [38] and Dibble and Raupp in 1992 
[39]. 
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(3) Honeycomb monolith reactor by Suzuki et al. in 1991 [40]，also by Sauer and 011is 
in 1994 [15]. 
In a review ofMartin et al. [41], it was noted that more substantive approaches in the 
future might reveal a number of innovations in lamp and reactor geometry which might 
be used to bring into practice the use ofheterogeneous photocatalysis. 
1.6.3 Metal Ion Dopants 
From Hoffmann's review [9], the properties of the particles have been modified by 
selective surface treatments in order to enhance interfacial charge-transfer reactions of 
TiO2 bulk phase and colloidal particles. These treatments are 1) surface chelation, 2) 
surface derivatization, 3) platinization, and 4) selective doping ofthe crystalline matrix. 
From a chemical point of view, TiO2 doping is equivalent to the introduction of defect 
sites, such as if+，into the semiconductor lattice where the oxidation of l f + species is 
kinetically fast [17]. The enhancement in the rate of the reactions upon metal ion 
II 
loading ofthe semiconductor can produce a photocatalyst with an improved trapping-
to-recombination rate ratio. 
1.6.4 Mixture with Supports 
The mixing ofTiO2 with other substances for the photocatalytic degradation ofvolatile 
organic compounds is not entirely new. A lot ofstudies have shown that illumination of 
TiO2 powder mixed with inorganic supports enhances the oxidative decomposition of 
organic compounds [18，42-69]. A brief review of titanium dioxide mixed with inert 
supports is given in the following section. 
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1.7 Adsorbent-Supported Titanium Dioxide 
It is believed that the first step of the oxidative degradation is the oxidation of the 
organic molecules with hydroxyl radicals produced on the photocatalyst surfaces [42], 
Therefore the adsorbability of the organic molecules on TiO2 is an important factor to 
its degradation kinetics. For pollutants at ppm levels, it usually takes a long time to 
complete their degradation. In order to have a rapid and efficient degradation under 
such dilute conditions, it may be more effective to load photocatalysts on suitable 
adsorbents to concentrate the pollutants around the photocatalyst. 
1.7.1 Use ofAdsorbents other than Zeolites 
The fixation of TiO2 onto a glass matrix [43], optical fibers [44], and a stainless steel 
plate [45] has been studied. Unfortunately, the photocatalytic efficiency ofimmobilized 
TiO2 is often lower than the suspended TiO2 particles in the degradation of aqueous 
phase solution [46]. An alternative route for supporting fine TiO2 particles on pprous 
materials of larger particle size has been investigated using silica gel [47], activated 
carbon [48]，sand [49]，clay [50-51] and zeolites [46，48, 52-55], These studies tried to 
increase the adsorption of organic substances on the catalyst surface for improving the 
efficiency of photocatalytic oxidation. The following are some examples of using 
adsorbents other than zeolites for the support of titanium dioxide to photo-degrade the 
pollutants in water or air. 
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Adsorbent-supported TiO2 for photodegradation of aqueous phase 
pollutants: 
In 1993, Uchida et al [42] described the use of activated carbon as the support for TiO2 
photocatalyst to degrade 3-5-dichloro-N-( 1,1 -dimethyl-2-propynyl) benzamide 
(propyzamide), a widely used herbicide in golf links which flows into drains by 
rainwater. He claimed that his paper was the first finding of the usefulness ofthe inert 
support for semiconductor photocatalyst. The activity of the TiO2/activated Carbon 
was 6.5 times greater than that of naked TiO2 at 25°C. 
From Fu's paper [18]，Do et a/.[56] and Papp et al [57] have published results on 
TiO2AVO3 and TiO2MoO3 systems in 1994. They found that degradation rates of 1,4-
dichlorobenzene in water were enhanced by as much as a factor of 3 by ca. 3 mol% 
addition ofWO3 and MoO3 in titanium dioxide. 
For CO2 in aqueous solution, Inoue et al [58] reported that TiO2 microcrystals 
embedded in SiO2 matrices prepared by using a mixed solution of TiO2 and SiO2 in 
ethanol showed activities for photoreduction of CO2 to formate, methane and ethylene. 
The quantum efficiencies for the production of these were increased with decreasing 
size of the TiO2 microcrystals. . 
In 1995，Uchica et al. [59] used TiO2 supported on nickel-polytetrafluoroethylene, Ni_ 
PTFE，composite plate, for a rapid and complete degradation of trichlorobenzene, a 
typical toxic chloroaromatic in dilute aqueous solution. It has been demonstrated that 
the photodegradation rate of organic compounds is greatly accelerated by attaching 
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metal particles such as Pd or Pt on the TiO2 surface because metal particles act as 
electron-accepting sites for effective charge separation and as electrocatalysts for the 
oxygen reduction. PTFE particles enrich oxygen around Ni particles in contact with 
TiO2 in the film by their hydrophobic property. Ni particles were thought to reduce the 
concentrated O2 effectively by collecting electrons photogenerated in TiO2 particles and 
by the catalytic action for the electrochemical reduction ofO2 with the electrons. 
In 1997，Anderson and Bard [60] studied TiO2/SiO2 and TiO2/Al2O3 for the 
degradation of salicylic acid and also phenol aqueous solution. They used a new 
method to synthesize the catalysts by fabricating composite through sol-gel processing. 
These catalysts combined the photocatalytic properties of TiO2 and the adsorptive 
properties ofSiO2 and Al2O3. 
Adsorbent-supported TiO2 for photodegradation of gaseous phase 
pollutants: 
“ 
According to Ibusuki et al. [61], TiO2 could rapidly oxidize nitrogen oxides (NO and 
NO2) to nitric acid under photoillumination but some NO was oxidized to NO2, while 
active carbon could adsorb NO2 well. A mixture ofTiO2 and active carbon was found 
to be an excellent photocatalyst for removal of low concentration (1 �2 ppm) NOx 
under the relatively humidity of 0 ~ 72 % from air. However, according to their results, 
NOx wasjust adsorbed effectively by the strong adsorbent for gases. The degradation 
rate has not been improved significantly (Rate of HNO3 produced by pure TiO2 and 
TiO2/active carbon mixture was 7.84 and 7.25 x 10'^  mol g] h] respectively in 
relatively humidity of 50 %). 
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Fu et al. [18] used sol-gel prepared mixtures of 16 wt % silicon dioxide or 12 wt % 
zirconium dioxide with titanium dioxide for the complete photocatalytic oxidation of 
ethylene in a tubular reactor. Such sol-gel prepared mixtures of titanium dioxide 
displayed higher porosity, higher specific surface area, and improved thermal stability 
over the corresponding pure titanium dioxide samples. The conversion of ethylene in a 
single pass tubular reactor was increased by as much as a factor of 3 using this catalyst. 
1.7.2 Use ofZeolites 
Recently, research focusing on using zeolite as adsorbent for the pollutants in water or 
air is increasing. Zeolites are good adsorbents for many organic compounds in gaseous 
or aqueous phase. The design of molecular and/or cluster size catalysts within zeolite 
cavities and frameworks is of special interest because zeolites offer unique nanoscaled 
pore reaction fields, an unusual internal surface topology [62], Also, zeolites are 
chemically inert compared with other inorganic adsorbents. The following are some 
“ 
examples ofusing zeolite-supported titanium dioxide for the reactions ofthe pollutants 
[46, 48，52-54, 62-67]. 
Zeolite-supported TiO2 for photodegradation of aqueous phase 
pollutants: 
In 1994, Fox et al. [63] examined the photocatalytic properties ofTiO2 supported on a 
number of porous and non-porous silicane supports, with a broad range of pore sizes, 
to determine the influence of the support on the reactivity ofTiO2 in the photocatalytic 
oxidation of several alcohols. The supports included two-dimension montmorillorite 
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and fluorhectorite (a microporous sheet silicate clay made up of [M(0, OH)6] 
octahedra (M=A1, Mg)); three-dimensional microporous zeolite L, zeolite Y, mordenite, 
TS-1 and ETS-10; and a non-porous SiO2. 
Xu and Langford [53] mixed TiO2 with silicon dioxide, aluminum dioxide and two 
zeolites (ZSM5 and Zeolite A) to study the photocatalytic degradation of the aqueous 
phase 4-chlorophenol and acetophenone in 1995. It was found that the photocatalytic 
activity of TiO2 supported on these two zeolites was higher than that on silica and 
alumina. 
In Torimoto et aVs paper in 1996 [52], the photocatalytic degradation of aqueous 
solution of propyzamide over several different adsorbent-supported titanium dioxide 
was studied again. They used three adsorbents including mordenite, silicon dioxide and 
activated carbon. The use of such adsorbent supports enhanced the rate of 
mineralization of propyzamide with the order of 70 wt% TiO2/activated carbon > 70 
wt% TiO2/SiO2 > 70 wt% TiO2/mordenite > pure TiO2 and reduced the concentration 
of solution phase intermediates. The cause of the enhancement was that the adsorbent 
support concentrates the target substances on its TiO2/adsorbent interface. 
In 1997, Xu and Langford [46] studied three more different molecular sieves as support 
ofTiO2 to degrade acetophenone in aqueous solution after the study done in 1995. He 
used microporous zeolites of type X, Y and on mesoporous molecular sieves MCM41 
ofthree types synthesized in three different kinds. The study concluded that the highest 
photoactivity among the supported catalysts was observed for a support that had a 
lower Siy'Al ratio in the framework and relatively large pore size. Also selectively 
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doping ofFe, Mn, and V into the framework ofMCM41 suppressed the photoactivity 
of the supported TiO2. In all cases of molecular sieves, the zeolite support prevented 
growth oflarge TiO2 crystallites and prevented conversion to the rutile phase. 
Zeolite-supported TiO2 for photodegradation of gaseous phase 
pollutants: 
The enhancement effect of zeolite-supported titanium dioxide for photocatalytic 
degradation of gaseous pollutants has been published by several research groups. The 
pollutants studied include NOx, CO2, pyridine and propionaldehyde. 
In 1994, Sampath et al. [48] used mordenite-supported titanium dioxide to 
photocatalytically degrade an indoor gaseous pollutant, pyridine. Mordenite is a kind of 
zeolite with mild adsorbability to gaseous organic compounds. In this paper, various 
adsorbents were tested for the adsorption of pyridine. They were activated carbon, clay 
and activated alumina. The highest amount of pyridine adsorbed per unit weight of 
0 
adsorbent in certain time equilibration was mordenite. Mordenite-supported TiO2 
showed the highest photoactivity for pyridine. 
Takeda et al. [54] published another paper in 1995 discussing the use ofjnordenite 
supported on TiO2 to degrade another gaseous pollutant, propionaldehyde. In this 
study, several other adsorbents as support ofTiO2 for degradation ofgaseous pollutant 
were also compared with mordenite-supported TiO2. They were silica, alumina, 
activated carbon, ferrierite，X-type zeolite (Zeolum F-9), and three different kinds of 
A-type zeolites (Zeolum A-3, A-4 and A-5). Although mordenite was not the adsorbent 
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with highest adsorption constant, the efficiency of mineralization of its support with 
TiO2 is the highest. The results were evaluated by Takeda et al. in 1997 [64]. In this 
paper it was stated that if the adsorbability ofinert support for a target substrate is very 
high, a null effect might occur. 
Matsuoka et al. [65] reported in 1995 that UV irradiation ofthe AgVZSM-5 catalyst 
prepared by an ion-exchange method in the presence of NO led to the photocatalytic 
degradation ofNO into N2, N2O, and NO2 at temperatures as low as 298 K. Before that, 
copper ion-exchange zeolite catalyst (Cu/zeolite) attracted attention as potential 
catalyst for the direct degradation o f N O into N2 and O2 in 1991 [66]. The highly 
dispersed Cu+ and Ag+ monomer species in the zeolite cavities played a significant role 
as acyive species in the photocatalytic degradation o fNO molecules. In these papers, 
TiO2 was not involved. Yamashita et al [62] stated in their paper in 1996 that titanium 
dioxide anchored in the Y-zeolite cavities by an ion-exchange method exhibited a high 
and unique photocatalytic reactivity for the direct degradation o f N O into N2, O2 and 
N2O at 275 K with a high selectivity for the formation 0fN2. “ 
In Anpo et aVs work in 1997 [67]，highly dispersed titanium oxides included within 
zeolite cavities (Ti-oxide/zeolite) were prepared using an ion-exchange method and 
used as the photocatalyst for the reduction ofgaseous CO2 with H2O at 328 K. They 
found that the high photocatalytic efficiency and selectivity for the formation of 
CH3OH in the photocatalytic reduction ofCO2 with H2O was achieved with the ex-Ti-
oxide/Y-zeolite catalyst. The ex-Ti-oxideAT-zeolite catalyst was prepared by ion 
exchange with an aqueous titanium ammonium oxalate solution using Y-zeolite sample 
and with highly dispersed isolated tetrahedral titanium oxide species. The formation of 
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CH4 in the photocatalytic reduction of CO2 with H2O was found to proceed on the bulk 
TiO2 catalyst and on the imp-Ti-oxide/Y-zeolite catalyst involving aggregated 
octahedrally coordinated titanium oxide species. Imp-Ti-oxideAf-zeolite catalyst was 
prepared by impregnating the Y-zeolite with an aqueous solution of titanium 
ammonium oxalate. 
In our research, an organophilic molecular sieve (Aldrich 41909-5) was selected as the 
support of titanium dioxide to degrade a common gaseous pollutant, acetone. Aldrich 
41909-5 adsorbs organic compounds but not water vapor. It has very high adsorption 
ability for acetone compared with other adsorbents. In our study, the adsorption 
capacity of various solid supports for acetone was tested. The results were consistent 
with other studies of degradation of organic pollutants over TiO2 supported on 
adsorbents [18，48，54, 68]. There is detail discussion of the results in Chapter 3. 
1.8 Molecular Sieves 
“ 
Unlike the amorphous adsorbents like activated carbon, activated alumina and silica, 
molecular sieves are crystalline adsorbents whose crystal lattice displays a cage-like 
structure with numerous cavities. It is essentially dehydrated zeolites, that is, aluminium 
silicates in which atoms are arranged in a definite pattern. The complex structural units 
of molecular sieves have cavities at their centers to which access is by pores. For some 
types of crystalline zeolites, these pores are precisely uniform in diameter. Due to the 
crystalline porous structure and precise uniformity of the small pores, adsorption 
phenomena only take place with molecules that are small enough in size and of suitable 
shape to enter the cavities through the pores. The fundamental building block is a 
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tetrahedron of four oxygen anions surrounding a smaller silicon or aluminum cation. 
The sodium ions or other cations serve to make up the positive charge deficit in the 
alumina tetrahedra. Each of the four oxygen anions is shared, in tum, with another silica 
or alumina tetrahedron to extend the crystal lattice in three dimensions. The resulting 
crystal is unusual in that it is honeycombed with relatively large cavities, each cavity 
connected with six adjacent ones through apertures or pores. The sieves are 
manufactured by hydrothermal crystal growth from aluminosilicate gels followed by 
specific heat treatment to effect dehydration. 
It is logical to assume that a molecule, because of sieve effect, will not readily penetrate 
into a pore smaller than a certain minimum diameter. This minimum diameter is the 
characteristic of the adsorbent and related to its molecular size. Thus for any molecule, 
the effective surface area for adsorption can exist only in pores that the molecule can 
enter. Because of the irregular shapes of both pores and molecules, and also by virtue 
of constant molecular motion, the fine pores are not blocked by the large molecules but 
are still free for entry by small molecules. “ 
For adsorbent such as molecular sieves with a very porous structure and large exposed 
surface, it can take up appreciable volumes of various gases. The amount of gas or 
vapor adsorbed depends on the nature of the molecular sieves and gas being adsorbed, 
the surface area of the molecular sieves, the temperature and the pressure of the gas. 
The enhancement of the degradation rate of gaseous pollutants was due to 
condensation of the organic substrates on the support, providing a high-concentration 
environment around the loaded TiO2. 
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Chapter 2. Experimental 
2.1 Block diagram of the Reaction Setup 
The reaction setup consists of the following components: 
1) A fixed volume batch reactor 
2) A round-bottom flask for the generation of volatile organic compounds 
3) An air pump for the circulation of air inside the reactor 
4) A drying tower for the humidity control 
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Figure 1. Block diagram of the reaction setup. 
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2.2 Fixed Volume Batch Reactor 
Figure 2 (a) and 2 (b) show two fixed volume batch reactors where photocatalytic 
reactions take place. The boxes are made of acrylic sheets with dimensions of55.5 cm 
X 30 cm X 30 cm and 50 cm x 12 cm x 12 cm for the large reactor and small reactor 
respectively. A fan is used to mix the air in the box. The petri dishes coated with 
catalyst are placed under the UV lamps with a distance ofabout 3 cm. This distance is 
for the convenient placing of the dishes from outside. It is designed to make the 
distance between of the lamp and the catalyst to be as small as possible and make 
room for handling of the dishes. Since the height ofadish is about 1 cm. the distance 
between the lamps to the dishes is set to be 3 cm. All the dishes of every experiment 
are placed in the same distance to the lamps. 
The large reactor is for the experiments for the photocatalytic degradation of simple 
alkanes over P25 titanium dioxide whereas the small reactor is for the 
photodegradation of acetone over zeolite-supported titanium dioxide. 
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Figure 2. (a) The large fixed volume reactor. 
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Figure 2. (b) The small fixed volume reactor. 
In the early stage of our research project, the photoacoustic multi-gas monitor used for 
the measurement of the real-time concentration of gases was not available. The large 
reactor was designed to contain both the catalyst dishes, the UV lamps and the 
portable instrument for the measurement of concentrations of CO�，volatile organic 
compounds and water vapor. Therefore all the preliminary experiments ofdegradation 
of alkanes were done in the large reactor. Later, we got the gas monitor and the final 
data was obtained by the experiments in the large reactor. 
However, it is inconvenient to prepare too much molecular sieves / TiO2 mixture for 
every experiment. In the final stage of the research, the smaller reactor was obtained 
and it was used for the experiments, 
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UItra-VioIet Light Source: 
The UY light source used in our experiment is the 15 W fluorescent lamp from Cole-
Parmer International. The intensity is about 1100 fj.W/cm^ (at a distance of 15 cm). 
The UV lamp used has a nearly symmetrical distribution of the spectrum with 365 士 
20 nm at its peak. 
2.3 Reagents 
2.3.1 Degussa P25 TiO2 powder 
The catalyst used for the reactions was provided by Degussa China Limited. It is a 
commonly used catalyst in most of the researches of photocatalytic degradation over 
titanium dioxide for its high photo-activity. In recent years, Degussa P25 TiO2 has set 
the standard for photoreactivity in environmental applications [9]. 
It has the following properties: 
“ 
1. The phase distribution ofP25 is mostly anatase, some of it is rutile. We have 
measured its X-ray diffraction (XRD) pattern. The result is shown in Figure 11. 
2. The primary particle diameter is 30 nm in 0.1 i^m diameter aggregates [9]. 
3. The BET specific surface area is 55 士 15 m^"^ [9]. 
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2.3.2 Aldrich Molecular Sieves (Organophilic) 
Organophilic molecular sieves (Aldrich 41909-5) adsorb organic compounds but not 
water vapor. This substance has very high adsorbabilities for acetone compared with 
other adsorbents. The following properties were provided by the manufacturer, Sigma-
Aldrich Co. Ltd. 
Surface area = 443 mVg Particle size = 3 - 5 ^m 
Density = 1.8 g/ml Pore size = 10 A 
2.3.3 Other Adsorbents Used for Comparison 
MERCK 9717 and MERCK 5705 were two zeolite beads with diameter of0.3 - 1.0 
mm and 2 mm respectively using 1-2 % clay as the binding agent. Mordenite 
0^a2，K,Ca)[Al2Sii�O24>7H2O was another crystalline zeolite. The other two oxides 
were oxides commonly used as the adsorbent. 
Table 5: Properties of the Adsorbents Used for the Adsorption Ability Test 
“ 
MERCK MERCK |Mordenite| BDH Aldrich 
9717 5705 SiO2 Al2O3 
BET surface area (mVg) ^ m ^ 7 ^ Y ^ ~ " 
Pore size (A) - 5 - 22 18-48 
Density (g/ml) 0.70 - 0.75 0.70 - 0.75 2.12-2.15 ~ ~ ^ ；~~-
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2.4 Instrumental Analysis 
2.4.1 Photoacoustic Multi-gas Monitor 
In Photoacoustic Spectroscopy (PAS) the gas to be measured is irradiated by 
intermittent light of a pre-selected wavelength. The gas molecules absorb some ofthe 
light energy and convert it into an acoustic signal which is detected by a microphone. 
PAS is an inherently very stable method for detecting very small concentrations of 
gas. 
Advantages ofphotoacoustic spectroscopy: 
Photoacoustic gas measurement is based on the same basic principles as conventional 
IR-based gas analyzers, namely the ability of gases to absorb infrared light. However 
there are some important differences between PAS and these conventional techniques. 
In a standard IR-analyzer, the energy absorbed by the gas sample is measured 
indirectly, by measuring the transmission through the measurement chamber and 
comparing it to that through a reference cell. 
•• 
With PAS the amount of infrared light absorbed is measured directly, by measuring 
the sound energy emitted on the absorption of light. This means that PAS is highly 
accurate, with very little instability. For example, zero point drift is almost non-
existent as zero is always reached when there is no gas present. If no gas is present, 
there can never be an acoustic signal. 
Furthermore, with PAS all gases and vapors can be monitored simultaneously in a 
single measurement chamber, as it is possible to make the signal for each substance to 
be monitored individually. 
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Another difference is that IR-analyzers are optical; the transmitted signal is picked-up 
by a photo-sensor. In the PAS system, an optimized condenser microphone is used as 
a detector in the gas monitors. This confers a high degree of stability and reliability on 
the analytical procedure, and as a result the monitors rarely require calibration. 
The photoacoustic monitor in our experiments is the 1312 Photoacoustic Multi-gas 
Monitor manufactured by Innova AirTech Instruments shown in Figure 3 (a). The 
measurement cycle of the monitor is as follow: 
Measurement of the gas concentration: 
1) The sample gas is drawn from the reactor into the analysis cell of the monitor as in 
Figure 1. The air is pumped through two air-filters to flush out the "old" air in the 
measurement system and replace it with a "new" air sample as in Figure 3 (b). 
2) Light from an infrared light source is passed through a mechanical chopper, which 
pulsates it, and then passed through one of the optical filters in the filter carousel 
and is transmitted into the cell. The surface of the cavity is highly reflective and 
the light beam is therefore reflected off the walls of the cell thus doubling its 
intensity. 
3) If the frequency of the light coincides with an absorption band of the gas in the 
cell, the gas molecule will absorb part of the light. The higher the concentration 
ofgas in the cell, the more light will be absorbed. As the gas absorbs energy, it is 
heated and therefore expands and causes a pressure rise. As the light is chopped, 
the pressure will alternately increase and decrease - an acoustic signal is thus 
generated. 
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4) The acoustic signal is detected by two microphones which are acoustically 
connected to the cell via narrow channels. The electrical output signals from the 
two microphone signals are added in a summation amplifier before they are 
electronically processed. The intensity of the signal is directly proportional to the 
concentration of the monitored gas present in the cell. 
5) The filter carousel turns so that light is transmitted through the next optical filter, 
and a new signal is measured. Thus another kind of species can be measured. 
6) In our experiment, the concentration of the organic pollutant, CO2 and water are 
























































































































































































































































































































































































































The optical filters used in our study: 
The selectivity of the photoacoustic monitor is determined by the optical filters 
installed in the filter carousel. The optical filters installed in our monitor are 
manufactured by Innova AirTech Instruments. Each filter has its own well-defined 
center wavelength and bandwidths. The specifications of the optical filters installed in 
our monitor are listed in Table 5. 
Table 6: Optical Filter Specifications 
Position in Optical Filter Center Bandwidth Substance Detection 
Carousel Filter No. Measured Limit 
Hm cm-i % (ppm) 
A UA0986 l 6 ~ ~ 2 ^ I o Formaldehyde ^ ~ ~ 
n-pentane 0.2 
n-hexane 0.4 
B UA0980 l2^8 TO 7^ CHCl3 0.006~~ 
m-xylene 0.1 
C UA0983 4 ^ 2270 L4 ^ Y j 
D UA0984 4 7 2 m 3^ CO ^ 
Arsine 0.05 
CS2 “ 0.3 




W SB0527 - - I Water Vapor -
* Filter A, B and E are the general-purpose filters for various organic compounds. 
Filter C is selective for carbon dioxide. 
Filter W is selective for water vapor. 
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In our experiments, filters C，E and W are commonly used. Water vapor is always a 
problem with infrared techniques as it absorbs energy across the entire infrared 
spectrum. The 1312 gas monitor automatically measures and corrects the humidity 
level. The 1312 contains a built-in optical filter (filter W) for the measurement of 
water vapor levels. 
2.4.2 X-Ray Diffraction Analysis 
Powder X-ray diffraction patterns were recorded using Cu Ka radiation (>. = 1.540562 
A) on a Philips MPD18801 X-ray difFractometer. Diffraction patterns were taken over 
the 29 range of20° - 60°. 
2.4.3 Scanning Electron Microscopy 
Scanning electron microcopy (SEM) was performed on a Cambridge Stereroscan 360 
operated at 20 kV equipped with an Oxford microprobe attachment. The powder was 
supported on a graphite plate and fixed by a conducting adhesive tape. 
” 
2.4.4 UV-VIS Diffuse Reflectance Spectroscopy 
The pure zeolite, pure TiOj and zeolite/TiO2 mixtures were studied by UV-VIS diffuse 
reflectance. The optical absorption behavior measured indicated the position of the 
band gap. Knowledge of the band gap Eg is important in determining the energy 
involved in generating electron-hole pairs. Diffuse reflectance spectra were recorded 
from 320 to 420 nm for the pure P25 TiOj and A/T50/50 and 210 to 430 nm for the 
pure A41909-5 on a spectrometer. 
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2.4.5 Iso-electric Point Measurements 
The iso-electric points of the sample were determined by measuring the zeta-potential 
with a Brookhaven Zeta-Plus Zeta Potential and Submicron Partide Size Analyzer. 
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Figure 4. Brookhaven Zeta-Plus Zeta Potential and Submicron Particle Size Analyzer. 
n 
About the zeta potential: 
Almost all solids in contact with a polar liquid acquire a surface charge. The charge 
can arise in many different ways. One of the examples is the unequal dissolution of 
the ions comprising the surface molecules of materials such as metal oxides-and silver 
halides. 
Zeta potential is an important and useful indicator of this charge. For example, it can 
be used to predict and control the stability of colloidal suspensions or emulsions: the 
greater the zeta potential the more likely the system is to be stable. 
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Principle of operation of the Zeta-Plus analyzer: 
The Zeta-Plus analyzer can be used for measurements on particles ranging from 
colloidal dimensions to as large as 30 microns diameter. It uses electrophoretic light 
scattering to determine particle velocity and, from this, the zeta potential. In the 
suspension solution, the charged particles will migrate under the influence of an 
electric field. The direction of migration will indicate the sign of the charge. Zeta 
potential ^can be calculated from the electrophoretic mobility / / , the velocity of 
the particles, per unit applied electric field. 
The relationship between them is: 
SoSrC " = " ^ 
(6) 
// - electrophoretic mobility; e o _ permittivity of free space 
e r - relative permittivity of the liquid; ^ - zeta potential 
7} - liquid viscosity 
“ 
Iso-electric point vs zeta potenial: 
One of the factors to affect the surface charge of the materials and thus the zeta 
potential is the pH of the suspension solution. The concentration of the zeta potential 
determining ion (e.g. pH) at which the zeta potential is zero is defined as the iso-
electric point (IEP). In our measurements, the catalyst was suspended in a 1 mM 
aqueous solution of potassium nitrate with a concentration of 0.05 g/100 ml. The pH 
of the solution was adjusted using 0.1 M nitric acid and 0.1 M potassium hydroxide 
solutions. 
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2.5 Photocatalytic Degradation of Simple Alkanes by P25 
Titanium Dioxide 
This experiment was a preliminary study of our research to test a simple batch 
experimental setup developed in our laboratory. In most of the photocatalytic 
degradation researches, circulating reactor systems were used. Such circulating 
reactors need complicated experimental equipment, like continuous supplies of 
sample gases generated by compressed air and the target compounds, air pumps and 
the off-gas collection system [15, 20, 70-72], 
Our reactor is a closed system, therefore it is not necessary to supply the sample gas 
continuously. Moreover, the design of a closed reactor system is to simulate the indoor 
air environment where ventilation may not be good. Therefore, our results may 
represent the photocatalytic degradation rate for indoor air decontamination. 
II 
The experimental conditions are listed as follows: 
Catalyst: Degussa P25 TiO2 powder. 
Wt of catalyst for each trial = 2.4 - 2.5 g. 
Starting water vapor concentration: 0.5 - 0.6 vol %. 
Starting VOC concentration ~ 500 ppmv. 
Starting carbon dioxide concentration � 6 0 0 - 700 ppm. 
Since the ultimate goal of pollutant treatment is mineralization of organic compounds, 
the key parameter is the rate of production of carbon dioxide rather than the 
disappearance of the pollutants. It is noted that in some adsorbent photocatalytic 
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reactor systems, quite high rates of solute disappearance can be achieved without 
corresponding high rates of mineralization, creating a false impression about the 
effectiveness of the process. 
Preparation of the Catalyst 
The Degussa P25 TiO2 powder was used as obtained. 
Preparation of the catalyst dishes 
About 0.2 g ofP25 TiO2 was coated in one petri dish of 52 mm diameter. The dishes 
were placed in a 110 °C oven overnight to remove water and VOC remaining on the 
surface. Then they were placed in a desiccator for cooling. Twelve petri dishes were 
placed under three UV lamps. The distance between the lamp and the dishes was 
about 3 cm. The catalyst for every trial was heated in a 110 °C oven. The total weight 
of the catalyst used for each trial was about 2.4 to 2.5 g. 
Setting the Starting Condition ofthe Reactor 
The humidity in the reactor was adjusted by a humidity control device consisted of a 
drying tower filled with anhydrous CaCl2 (ACROS 95 % A.R. grade) and a humidifier 
filled with distilled water. The starting concentration of CO2 was adjusted by CaO 
(Beijing China, chemical pure) filled in a glass tower. After the vapor was generated 
into the reactor, the inside air was drawn through the humidity control device and the 
calcium oxide tower until the desired humidity and starting [CCy was obtained. 
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Control Experiment 
1) Without UV light and catalyst (The sealing ofgas from the reactor) 
The concentration of both CO2 and acetone were measured for more than six hours. 
There was no catalyst (absorbent-supported TiO2 or pure absorbent or TiO2) inside the 
reactor. It was used to test if the sealing of gas existed. The result showed that the 
concentration of gases in the reactors were stable. 
2) With UV light but no catalyst 
The same measurement as 1) was carried out but with UV light tumed on. No CO2 
was produced when no P25 TiO2 was in the reactor. It showed that it was necessary to 
have TiO2 for the degradation of organic compounds. 
3) No UV light but with catalyst 
This control was carried out during every trial ofthe experiment. The purpose was to 
prove that the production of CO2 was only due to the photocatalytic degradation. The 
results ofevery measurement trial shows that no CO2 was produced with no UV light 
illumination. The concentration of volatile organic compounds and carbon dioxide 
was monitored before and after the UV lamp was tumed on for every trial of the 
experiment. The UV lamp was turned on after the concentrations ofthese two species 
were steady. -
Photocatalytic Degradation Experiments 
The photocatalytic degradation was carried out in the large reactor. The sample air 
was generated by passing the air through a round bottom flask containing the liquid 
alkane. Then the sample air was transferred into the reactor. The humidity in the 
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reactor was adjusted by passing the air through a drying column containing solid 
calcium chloride. The starting carbon dioxide concentration was adjusted by a column 
with calcium oxide. The concentration of various volatile organic compounds, water 
and carbon dioxide were monitored in real time by the 1312 photoacoustic multi-gas 
monitor with suitable optical filters. 
In order to remove the remaining and unknown volatile organic compounds, nitrogen 
gas was used to purge the big reactor when a new kind ofalkane was studied. 
Twelve dishes of catalyst prepared as described above were placed 3 cm under the 
UV-lamp. The starting concentration of acetone was about 500 ppm. After holding for 
about 30 minutes to carry out the control experiment with no UV light illumination, 
the lamp was turned on. Then the amount of carbon dioxide evolved was measured by 




2.6 Photocatalytic Degradation of Gaseous Acetone over 
Organophilic Molecular Sieves-Supported Titanium 
Dioxide 
Preparation of the Catalyst 
In our study, TiOj-loaded organophilic molecular sieves (Aldrich 41909-5) samples 
with different weight percentages ofTiO2 (20.21，39.76，50.1, 60.0 and 79.67 wt.% of 
TiO2) were prepared. Stoichiometric amounts of TiO2 (Degussa P25) and molecular 
sieves were mixed in 100 ml of distilled water. The suspension was stirred ovemight 
in order to mix the two components well. After evaporating most of the water by 
heating the mixture on a hot plate, the slurry was dried overnight (more than 10 hours) 
in an oven heated at 110 °C. The solid was ground to fine powder and calcined at 300 
°C for 3 hrs. Then the sample was stored in a desiccator. 
Preparation of the catalyst dishes 
First，the powder was suspended in distilled water. Then the suspension solution was 
deposited on petri dishes in the same way as that used in Section 2.5. The coating was 
obtained by suspending about 0.15 g ofcatalyst in distilled water. The dishes are dried 
overnight in an oven at 110 °C to remove water and VOC remaining on the surface 
before used. Since the catalyst is suspended in water and then deposited on the dish 
which is placed on a horizontal platform in the oven, it was coated evenly and formed 
a uniform layer on the glass. The thickness of the coating was about 2 mm throughout 
the surface of the dish. 
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Setting the Starting Condition ofthe Reactor 
Same as described in Section 2.5. 
Control Experiment 
The control experiment for testing the sealing ofgas from the reactor was carried out 
as in Section 2.5, 1). The same procedures were carried out as Section 2.5, 2) with no 
catalyst or pure adsorbent placed in the reactor. 
To prove that the pure adsorbents and catalysts will not produce any COj during the 
experiment, the same procedures were carried out as in Section 2.5, 3) 
Test ofthe Adsorption Abilities of Various Adsorbents 
The adsorption capacity of various solid supports for acetone was determined by 
allowing the adsorbents to equilibrate with gaseous acetone for about 60 minutes with 
no illumination of any UV light. The amount of gaseous acetone adsorbed was 
•• 
determined by measuring its concentration by using a photoacoustic multi-gas 
monitor (Innova AirTech Instruments model 1312). 
Various adsorbents were tested for the adsorption ofacetone. The adsorbents used for 
comparison were (a) Aldrich 41909-5 (A41909-5), (b) MERCK 9717 (M9717), (c) 
MERCK 5705 (M5705), (d) mordenite, (e) BDH SiO ,^ (e) Aldrich A l A Their 
properties are listed in Section 2.3.3. 
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Photocatalytic Degradation Experiments 
The photocatalytic degradation of acetone was carried out in the small reactor. As 
described in Section 2.5，the sample air was generated by passing air through a round 
bottom flask containing the acetone liquid. Then this air was transferred into the 
reactor. The humidity and the starting carbon dioxide in the reactor were adjusted in 
the same way. The concentration of acetone, water and carbon dioxide were 
monitored in real time by the 1312 photoacoustic multi-gas monitor with optical filter 
E, W and C respectively. 
Three dishes of catalyst prepared as described above were placed 3 cm under the UV-
lamp. The total weight of catalyst used for each trial was about 0.45 g. The starting 
concentration of acetone was about 350 ppm. After holding for about 30 minutes to 
achieve adsorption equilibrium between the photocatalyst and the gas, the lamp was 
turned on. Then the amount of carbon dioxide evolved was measured by the 




Chapter 3. Results and Discussion 
3.1 Photocatalytic Degradation of Simple Alkanes by P25 
Titanium Dioxide 
3.1.1 Rate of Photocatalytic Degradation of Simple Alkanes 
Acetone (usedfor comparison) 
Table 7: Results ofPhotocatalytic Degradation ofAcetone by P25 TiO2 
Weight ofcatalyst used = 2.5312 g Trial| 1 2 3 
Production of CO2 in 30 minutes ppm 313 344 313 
Average conc. of CO2 produced in 30 ppm 323 
minutes 
Relative deviation % 3 l ^ J7l 
Average relative deviation % 4.2 
Apparent rate of CO2 production ppmmin] 10 12 10 
Rate of CO2 production ppmmirf ig] 4.1 4.5 4.1 
normalized by weight of catalyst 
Average rate of CO2 production ppm min ! g'' 4.2 
normalized by weight of catalyst “ 
Production of C02 by 500ppm Acetone 
百 500 500 
a 400 400 
I 細 J _ _ _ 300 | 二 二 . 
i 200 Z ^ J ^ 細 ^Tnal2 
g» 100 ^||||i^ 100 
0 0 UwWMll^^^^~"‘~~‘~~‘~~‘~~‘~~‘~~‘~~ 0 
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Time (min) 
Figure 5. Results of photocatalytic degradation of acetone by P25 TiO2 
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n-Pentane C5Hn 
Table 8: Results ofPhotocatalytic Degradation of n-Pentane by P25 TiO2 
Weight of catalyst used = 2.3607 g Trial| 1 2 
Production of CO2 in 30 minutes ppm 178 f ^ 
Deviation ppm 3.5 
Average conc. of CO2 produced in 30 minutes ppm i ^ 
Average relative deviation % i~9 
Apparent rate of CO2 production ppm min] J 3 ^ 
Rate of CO2 production Ppm min] g] Z5 ^ 
Normalized by weight of catalyst 
Average rate of CO2 production normalized by~Ppm min"' g'^  2. 6 
weight of catalyst 
Production ofC02 by 500 ppm n^entane 
一 500 500 
E 
a 400 400 
一 ！ 
§ 300 300 |_>^Trla l2| 
^ 200 ^^^^"_M__M"" 200 |^Trial l | 
I 100 ^^^^^jj^j|J^I^ 100 
0 0 iw""MMll_^ ?^?^ ~~‘~~^ ~~^ .~~^ •^ •^ >^ .^____^  0 
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Time (min) 
个 
Figure 6. Results of photocatalytic degradation of n-pentane by P25 TiO2. 
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n-Hexane CsHu 
Table 9. Results of Photocatalytic Degradation of n-Hexane by P25 TiO2 
Weight of catalyst = 2.4957 g Trial| i 2 3 
Production of CO2 in 30 minutes ppm 3 ^ 3M ^ 
Average conc. of CO2 produced in ppm 371 
30 minutes 
Relative deviation % 0 3 L9 22 
Average relative deviation % 1.5 
Apparent rate of CO2 production ppm min"' U U i3 
Rate of CO2 production ppm min] g"^  4.9 4 ^ 5^ 
Normalized by weight of catalyst 
Average rate of CO2 production ppm min"^  g^ 5.0 
normalized by weight of catalyst 
Production ofC02 by 500 ppm n-hexane 
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Figure 7. Results of photocatalytic degradation of n-hexane by P25 TiO2. 
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n-Heptane C7Hi6 
Table 10: Results ofPhotocatalytic Degradation ofn-Heptane by P25 TiO2 
Weight ofcatalyst = 2.4461 g Trial| 1 2 3 
Production of CO2 in 30 minutes ppm 4 0 1 4 T 4 3¾ 
Average conc. of CO2 produced ppm 403 
in 30 minutes 
Relative deviation % 0.5 T1 22 
Average relative deviation % 1.8 
Apparent rate of CO2 production ppm min'� 13 H B 
Rate of CO2 production ppm min] g] 5.5 5^ 5A 
Normalized by weight of catalyst 
Average rate of CO2 production ppm min] g^ 5.5 
normalized by weight of catalyst 
Production ofC02 by 500 ppm n-heptane 
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Figure 8. Results of photocatalytic degradation ofn-heptane by P25 TiO2. 
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n-Octane CgHis 
Table 11: Results ofPhotocatalytic Degradation of n-Octane by P25 TiO2 
Weight ofcatalyst = 2.4853 g Trial| \ 2 3 
Production of CO2 in 30 minutes ppm 363 368 362 
Average conc. of CO2 produced in 30 ppm 364 
minutes 
Relative deviation % ^ H 0 5 
Average relative deviation % 0.6 
Apparent rate of CO2 production ppm min"^  U U U 
Rate of CO2 production ppm min"^  g"^  4.9 4.9 O 
Normalized by weight of catalyst 
Average rate of CO2 production ppm min^ g"^  4.9 
normalized by weight of catalyst 
Production ofC02 by 500ppm noctane 
一 500 500 
I 400 400 
S jmmmrnmmt  
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Figure 9. Results of photocatalytic degradation ofn-octane by P25 TiO2. 
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3.1.2 Summary of Rate of Photocatalytic Degradation of 
Simple Alkanes 
Table 12: Summary of Rate of Photocatalytic Degradation of Simple Alkanes 
V O C Production of CO2 Average Relative RateofCO2 Produced Rate0fCO2Pr0duced 
in 30 mins Deviation Normalized by Normalized by 
(ppm) (%) Weight of Catalyst WeightofCatalyst 
O3pm min—i g-i) Divided by Carbon No. 
Q)pm m in 】g ” 
Acetone 323 ±4.2 4.2 M 
n-Pentane 182+1.9 ^ o l 
n-Hexane .371 ± 1.5 5^0 ^ 
n-Heptane 403±1.8 ^ ^ 
n-Octane 364±0.6 4 9 0 6 
CnH 2n+2 ~> — — — nCO2 + (n+1 )H2O (7) 
-d[CnH 2n+2]/dt = ( l /n) d[CO2] /dt (8) 
•I 
This study shows that a simple experimental setup can be used for studying the photo-
catalytic degradation of volatile organic compounds. The rate of photocatalytic 
•> 
degradation of simple alkanes is about half of that ofacetone. 
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3-2 Photocatalytic Degradation of Gaseous Acetone over 
Organophilic Molecular Sieves-Supported Titanium 
Dioxide 
Acetone was selected as the target compound for studying the photocatalytic activities 
ofthe catalysts. No photocatalytic degradation of acetone (indicated by no production 
of CO2) was observed in the presence of adsorbents alone even with UV lamp tumed 
on. 
In the dark experiment, prior to illumination, gaseous acetone concentration decreased 
by a little bit portion. It was because of the adsorption of acetone on the catalyst. 
However, the concentration of CO2 did not increase until the UV lamp was tumed on. 
3.2.1 The Adsorption Ability ofVarious Adsorbents 
The amounts of acetone adsorbed at equilibrium were: (A41909-5)314 ppm, (Al2O3.) 
66 ppm, (mordenite) 56 ppm, (SiO2) 49 ppm, (M9717) 42 ppm, (M5705) 14 ppm. The 
rate of adsorption of acetone was found to be in the following order: A41909-5 > 
mordenite > SiO2> Al2O3 > M9717 > M5705. Since the highest adsorption ofacetone 
was attained using Aldrich 41909-5 zeolite (A41909-5), it was chosen as the adsorbent 
in our study. 
From Section 2.3.2 of Chapter 2, the pore size ofAldrich 41909-5 zeolite is 10 A. For 
the acetone molecule CH3COCH3, its bond lengths and bond angles are listed as follow, 
its average molecular volume is calculated to be 54.246 cmVmol by the geometry in HF 
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follow，its average molecular volume is calculated to be 54.246 cmVmol by the 
geometry in HF level with 6-31G* basis. From calculation, its average molecular 
diameter is 5.56 A. 
Bond length C=0: 1.2119 A C-C: 1.5191 A C-H: 1.0827 A 
Bond angle H-C-H: 108.5924 ° C-C-C: 117.7202 ° 
400「 
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Figure 10. Adsorption of acetone by various absorbents. 
From the above figure, there is also a phenomenon for other adsorbents that they 
release the volatile acetone back to the air after a certain period of tin5e. But the 
acetone is adsorbed on the Aldrich 41909-5 zeolite without returning back to the 
atmosphere. The other kinds of adsorbent are predicted to lose the function of 
concentrating the organic substrates and their possibility of enhancement of 
photocatalytic degradation of the organic compounds may be reduced. 
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of the research about using of strong adsorbent-loaded TiO2 to photocatalytic degrade 
the organic compounds. So we try to study the photocatalytic degradation over Aldrich 
41909-5 zeolite-loaded TiO2 compared the naked TiO2. 
3.2.2 X R D Pattern Measurement 
The photocatalytic performance of TiO2 powder semiconductor was closely related to 
the phase structure. TiO2 activity mainly depend on the content of the anatase, the 
specific surface area is a second factor [73]. 
In the anatase crystal there may be more defects oflong-range order and dislocation net 
etc., which created some oxygen vacancies. The trapped electrons will be able to be 
excited with much less energy than valence band electrons. Crystal imperfectness 
extends the possibility of useful light energy. It is another reason that the anatase has a 
wider band gap (3.23 eV) than rutile (3.02 eV), and has a higher photocatalytic activity 
than rutile [73]. 
” 
According to Fu et al. [18], the percent composition calculations were made using 
Equation 9: •> 
% rutile = 1/((A/RX0.884)+1) X 100 (9) 
where A is the area of anatase peak; and R is the area ofrutile peak. The number 0.884 
is a scattering coefficient. They performed the XRD analysis using a Scintag 
difFractometer and CuKa radiation. 
In Figure 11，the peaks 25.35°, 37.95° and 48.0° are the chosen peaks to represent the 
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anatase phase. The peaks 27.50°, 36.15°, 41.20° or 41.30° correspond to the rutile 
phase. The results are consistent with the results obtained by Cheng and Tsai [74]. 
According to their results, the XRD peaks 29 for anatase are at 25.8°, 38.1° and 48.0°; 
for rutile are at 27.8°, 36.5�and 41.6°. According to Xu and Langford's paper [53], the 
peak represented the anatase, rutile and brookite was 25.2°, 27.3° and 30.8° 
respectively. Hence, in our study, the peaks at about 25° and 27° represent the anatase 
and rutile respectively. 
Using the method suggested by Fu et al. [18], the calculated percent composition of 
P25 TiO2 using the peak represented the anatase and rutile (25.35 and 27.50 
respectively): 
% rutile = 1/((A/RX0.884)+1) X 100 
Anatase Rutile 
20 25.35 27.50 
Intensity 192.00 53.00 
Wt % 76.2 23.8 
The results are consistent with the contents supported by the manufacturer. 
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Figure 11. XRD spectra ofDegussa P25 TiO2. 
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Figure 12. XRD spectra ofDegussa P25 TiO2heated at 300 °C for 3 hrs. 
62 
Pure P25 TiO2 was calcined in the same way as A41909-5/ TiO2 mixture, displays a 
XRD powder pattern in Figure 12. It indicates that anatase is the main constituent but 
rutile is also present. The constituent is the same as that of untreated P25. It shows that 
no phase transformation occurs at 300 °C. 
Examination of the XRD spectra ofTiO2 in A41909-5 is complicated since there are 
many peaks of A41909-5 in the XRD spectrum (Figure 13) as obtained by Xu and 
Langford [53]. But the polycrystalline XRD patterns of the TiO2 in A41909-5 shows 
that the phase constitution of the TiO2 in the A41909-5-Ti02 mixture is the same as 
that of TiO2 (P25). It is reasonable that the catalyst here is only the mixture of the two 
components. Moreover, the calcination temperature of the catalysts is 300�C，and 
phase transformation will not occur until the calcination temperature is higher than 
700�C. 
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Figure 13. XRD spectra ofAT50/50 heated at 300�C for 3 hrs. 
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3.2.3 Scanning Electron Microscopy 
Figure 14 shows the SEM image of film surface of AT50/50 (contains 50 wt.% P25 
TiO2 and 50 wt.% Aldrich 41909-5 zeolite). The surface of the film was porous. It 
consisted of aggregated TiO2 particles of less than 0.5 ,^m and the zeolite particles of 
2-3 i^m. The darker and smaller particles were TiO2 and the larger ones were zeolite. 
Based on the image, two kinds of particles were mixed well and distributed uniformly. 
^ ^ ^ ^ ^ ^ ^ ^ ^ M 8 B ^ ^ ^ ^ ^ ^ ^ ^ ^ B ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ B 
^^^^^^^^^^^^^^^^^^^^^^^^^^^p8^^^^^^^^^^^^8^^^*^^^^^^^^BSSSS^^JJ||^^^^^^^^^^^ 
^ ^ ¾ : 
瞧 
Figure 14. SEM image ofAT50/50 film with 50 wt% P25 TiO2 and 50 wt% Aldrich 
41909-5 zeolite content. 
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3.2.4 UV-VIS Diffuse Reflectance Spectroscopy 
Fig. 15 (a) shows the UV-VIS diffuse reflectance spectrum of pure molecular sieves 
which indicates that its absorption is initiated at 280 nm. It is not in the region of UV 
light emitted by our UV lamp (300-400 nm). Fig. 15 (b) is an absorption spectrum of 
A/T50/50. The spectrum of pure P25 TiO2 was also measured but there was no 
difference in the adsorption maximum and adsorption edges between A/T50/50 and 
pure P25 TiO2. Here the adsorption maximum means the wavelength at which the 
intensity of the electrons excited from valance band to conduction band is the highest. 
Actually it is the band gap of TiO2. The adsorption edge means the threshold of 
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Figure 15. (a) UV-VIS diffuse reflectance spectrum ofpure A41909-5. 
The UV-VIS diffuse reflectance spectrum of A/T 50/50 (Figure 15 (b)) and pure P25 
heated at 3 0 0 � C for 3 hours (Figure 15 (c)) are virtually identical, indicating that there 
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is no change in the band gap of TiO2 before and after mixing with zeolite. Thus the 
difference in photocatalytic activity was not due to the change ofband gap ofthe TiO2 
in the mixture. 
1.6 — 
二 ^ ^ ^ 
1 1 - \ ^ 
1 0.8 - \ ^ 
运 0.6 - ^ \ ^ ^ 
0.4 - ^ ^ v ^ ^ ^ ^ -
0.2 - ^"^\^^^ 
0 ‘ 1~-~~1 1 1 1 1 1 7^"^^">- _ 
310 320 330 340 350 360 370 380 390 400 410 420 
Wavelenth (nm) 




1 1 ^ \ 
1 0.8 - ^ \ ‘ 
^ 0.6 - ^ V ^ ^ ^ 
0.4 - ^ * " \ ^ ^ ^ ^ ^ 
0.2 - ^ " ^ * \ ^ ^ ^ ^ ^ 
0 1 1 1 1 I I I ^^""""^^^ . 
320 330 340 350 360 370 380 390 400 410 420 
Wavelenth (nm) 
Figure 15. (c) UV-VIS diffuse reflectance spectrum ofP25 TiO2. 
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3.2.5 Iso-electric Point Measurements 
The illumination of TiO2 with UV light of wavelength < 390 nm generates excess 
electrons (e' cs) in the conduction band and positive "holes" (h+vB) in the valence 
band [75]. At the surface, the "holes" react with either physisorbed H2O or 
chemisorbed OH" groups to form *OH radicals. The more hydroxyl groups present on 
the surface ofa catalyst, the higher the photocatalytic activity of the catalyst becomes. 
Table 13 shows the iso-electric point of the molecular sieves-loaded TiO2 and the pure 
P25 TiO2. It is not shown in this table that the iso-electric point of the pure P25 TiO2 
heated at 300 °C for 3 hours is nearly the same as the untreated TiO2 powder. 
Table 13: Iso-electric Point of the Catalyst with Various Weight Percentage of 
TiO2 
wt.% of “ P u r e ” A/T ~ m ~ ~ A ? r ~ ~ “ A ? r “ ~ A ? f ~ Pure 
A41909-5/Ti02 A41909-5 80/20 60/40 50/50 40/60 20/80 P25 
PH of 2.12 4.26 4 ? ^ 3 ^ 4 ^ ^^4^ 5 ^ ^ 
Iso-electric point 
Fu et al. suggested that surface sites with higher acidity may prove to be better 
adsorption sites or hole traps [18]. The more polarized state ofhigher acidily sites may 
favor hole trapping. They stated that most binary metal oxides exhibit increased surface 
acidity. In their study, SiO2/TiO2 is one of the target binary metal oxides to enhance the 
photodegradation ofgaseous pollutant. They suggested that the calcination process in 
the preparation of SiO2/TiO2 catalyst was possibly needed to form favorable surface 
groups, to favorably transform the groups already present, or to establish dissimilar 
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oxide interfaces. The new surface groups will be more acidic because binary metal 
oxide system often display increased acidity over their pure counterparts. 
Electrophoretic mobility studies were performed in their study on the calcined and 
uncalcined TiO2. They found that no decrease in the iso-electric point of the TiO2 
powder after calcination and, therefore, no conclusive increase in acidity. In our 
experiment, the similar iso-electric point result is obtained between the pure P25 TiO2 
powder and the powder heated at 300 °C by the iso-electric point measurement. 
Refer to Table 13, the iso-electric points of the mixed catalysts are lower than that of 
the pure P25. This simply proves that organophilic molecular sieve adsorbs hydroxyl 
groups but itself is not a material for semiconductor photocatalysis. Although the iso-
electric point of the pure A41909-5 was the lowest indicating the presence o f a lot of 
hydroxyl groups on its surface, it showed no photocatalytic activity. The concentration 
ofhydroxyl groups on the surface of the micropores does play a role in determining the 
photocatalytic activity of a catalyst. 
“ 
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3.2.6 Photocatalytic Activity ofVarious Catalysts 
The concentration of the volatile organic compound and carbon dioxide were 
monitored before and after the UV lamp was turned on in every trial of experiment. The 
UV lamp was turned on after the concentrations of these two species were steady. The 
concentration of CO2 increased linearly in the first 30 minutes, thus the difference of 
CO2 concentration over 30 minutes was used for the calculation of the rate ofreaction. 
The results are given with normalization to the amount of TiO2 used in the catalyst. 
Thus, the photocatalytic degradation efficiency (rate of CO2 produced per weight of 
catalyst used) rather than the absolute rate of reaction was used for the comparison. 
The relationship between the normalized rate of reaction and the weight percentage of 
TiO2 is shown in Table 14 and Figure 16. It demonstrated the effectiveness ofcoupling 
adsorption with photocatalytic degradation. 
Table 14: Results ofPhotocatalytic Degradation ofA41909-5 / TiO2 
wt % TiO2 Trial 1 2 Average“ Confidence Limit 
(0/0) ppm min_ig i 
0.00 ^ ^ ~ ooo ooo 
« ^ ^ ^ ^ ~ ~ " ^ ^ " " ^ ^ ^ ^ ^ ^ ^ ~ ~ " ~ " ^ ^ ~ « ~ ^ ^ « _ » ^ ^ ^ _ ^ ^ ^ ^ _ « _ “ 
20.21 8.72 7.21 7.96 1.48 
3 9 ^ 14.83 17.46 16.14 2.58 
50.10 24.18 23.94 24.06 0.24 
60.00 19.06 19.17 19.11 0.11 
^ 16.53 15.98 16.26 • 0.54 
Pure TiO2 17.77 16.36 17.06 1.38 
The confidence limit of the result = z * mean / square root ofno. oftrial. (10) 
z is the standard deviation in units of standard deviation, in short, the deviation of the 














































































































































Influence of the content of TiO2 on photocatalytic degradation of 
acetone 
Figure 16 shows that the catalyst containing 50% by mass ofTiO2 exhibits the highest 
photoactivity. At this optimum composition, the supported catalyst can degrade 
acetone at a rate which is about 41% higher than that with Degussa P25. There are 
various studies on adsorbent-supported TiO2 showing the similar results. 
The similar conclusion was speculated by Takeda et al. in their study of photo-
degradation of gaseous propionaldehyde over mordenite-loaded TiO2 [54], The highest 
photocatalytic degradation rate was obtained with use of 53 wt % TiO2 loaded 
mordenite. By comparing the dependence of the reaction rate on the TiO2 content with 
the adsorption constant and the amount of adsorbed propionaldehyde, they got the 
following results. For TiO2 loadings less than about 50 wt % the degradation rate is 
simply proportional to the TiO2 content, the amount ofadsorbed propionaldehyde does 
not have any significant effect. Beyond about 50 wt % loading of TiO2, however, the 
rate constant decreases with increasing the TiO2 loading. They concluded that up to 
about 50 wt % TiO2 loading, the degradation rate is controlled by the amount of TiO2, 
beyond this critical value the amount of adsorbed propionaldehyde determines the rate. 
The decrease in the amount of adsorbed propionaldehyde seems to result from decrease 
of occupancy of the mordenite support with increase of the TiO2 loading. They 
suggested that propionaldehyde adsorbed on zeolite is involved in the degradation 
reaction. The most likely process of the involvement ofthe pollutant would be surface 
diffusion towards TiO2 particles. 
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A recent study also showed that TiO2-carbon black composite film has higher 
photocatalytic activity than the naked TiO2 film [68], It was found that the 
photodegradation rate was largely influenced by the content of carbon black in the 
photocatalyst film. The degradation rate increased with increasing the carbon black 
content up to an optimal value (about 80 wt %), beyond which the photocatalytic 
activity showed a decreasing tendency. It is suggested that the decrease ofrate constant 
ofthe degradation with increase ofTiO2 content above the optimal TiO2wt % resulted 
from a decrease in the amount of adsorbed target compound. Below the optimal TiO2 
wt 0/0, the relative occupation of TiO2 to carbon black decreases with the decrease in 
TiO2 content. The diffusion length of adsorbed propyzamide to TiO2 becomes great on 
average with decreasing the TiO2.This causes the apparent decrease ofthe degradation 
rate. 
Anderson and Bard studied the use of binary metal oxides to degrade the organic 
pollutant [60]. The normalized photodegradation activity ofsalicylic acid was increased 
over TiO2/Al2O3. This was thought to be the result ofadsorption ofsalicylic acid on the 
“ 
Al2O3 near the TiO2 sites, thereby increasing the concentration of salicylic acid at the 
surface relative to the solution concentration. The increased activity for the optimum 
75/25 wt % of TiO2/Al2O3 is due to the favorable balance between two factors. They 
are enhanced reactivity ofindividual TiO2 sites by adsorption ofsalicylic acid near those 
sites, and the loss of the catalyst activity by the replacement of the active TiO2 sites 
with nonphotocatalytic Al2O3. On the other hand, the photodegradation efficiency of 
phenol was enhanced by TiO2/SiO2 mixture. This increase in the photocatalytic activity 
is attributed to the presence of a mixed TiOSi phase at the TiO2/SiO2 interface. The 
TiOSi region served to activate the oxidation ofphenol. 
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We also believe the adsorption and preconcentration of the target pollutant, acetone 
around TiO2 is the key to its enhanced degradation. Acetone was concentrated by the 
adsorbent on the surface and enhances the efficiency of the photocatalytic degradation. 
The enhancement in the degradation rate of the pollutants is due to condensation ofthe 
organic substrates on the support, providing a high-concentration environment around 
the loaded TiO2. 
For TiO2 loading less than 50 wt % the degradation efficiency of acetone is 
proportional to the TiO2 content, the degradation rate is controlled by the amount of 
TiO2. The relative occupation of TiO2 to molecular sieves decreases with the decrease 
in TiO2 content. The diffusion length of adsorbed acetone to TiO2 becomes great and 
causes the apparent decrease of the degradation efficiency. 
Beyond about 50 wt % loading of TiO2, the amount of adsorbed acetone determines 
the rate in this region. The decrease of degradation efficiency with increase of TiO2 
content resulted from a decrease in the amount of adsorbed acetone. It results from 
•I 
decrease of occupancy of the molecular sieves support with increase of the TiO2 
loading. 
Fu et aL [18] suggested that there was also possible that the increase in activity of 
SiO2/TiO2with sintering temperature could be the result ofother electronic effects that 
were unique to photocatalysts. It may be that the sintering allow the two oxides to 
come into more intimate contact. The interface between the two particles could act as a 
sort of photoelectrochemical diode. A difference in electron or hole energy levels 
between the two oxides could lead to enhanced charge separation, which would result 
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in an increase in reaction rates. The situation of our molecular sieves loaded TiO2 
catalyst may be similar. The calcination process causes the SiO2 and Al2O3 in molecular 
sieves come into more intimate contact with TiO2. The change in electronic energy 
level between the oxides leads to enhancement of the charge separation. The prevention 
of electrons/holes recombination enhances the overall efficiency of the catalyst 
compared with the pure P25 TiO2. 
Intermediates ofphotocatalytic degradation of gaseous acetone 
The photocatalytic degradation of acetone to give CO2 is given by Equation 11. 
CH3COCH3 + 4O2 — 3CO2 + 3H2O (11) 
Since the starting concentration of acetone in the reactor was about 350 ppm, about 
1050 ppm of CO2 was expected to increase when the complete degradation was 
achieved. A set of experiments of photocatalytic degradation of acetone with the same 
amount of catalyst with different percentages of titanium dioxide was carried out. It 
showed that about 900-1000 ppm of CO2 was produced ifthe reaction was carried out 
for a long time (more than six hours) and the concentration of CO2 was let to reach an 
equilibrium. 
From the results of several papers, photocatalytic degradation of acetone does not 
produce significant amount of intermediates [14-15, 20, 77]. Peral et al. carried out 
photocatalytic degradation of acetone in air over Degussa P25 TiO2 powder [20]. No 
reaction intermediates were detected for acetone oxidation. Under illumination, a 
substantial decrease of the acetone concentration in the exit oftheir reactor was noted, 
and no oxidizable products of reaction were found. They assumed that acetone was 
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eventually converted to CO2. Djeghri and Teichner [78] found acetone to be the only 
major intermediates of the photocatalytic degradation of isobutane under hydrocarbon-
rich conditions. No subsequent organic intermediates were reported in Djeghri and 
Teichner,s study and they showed that acetone yielded CO2 as the final photooxidation 
products over TiO2. In Sauer et aL,s [15] acetone study it was showed that 
photocatalytic degradation of acetone in air did not proceed through any kinetically 
significant intermediates. Moreover, Raupp et a/.’s stated in their paper [14] that 
photocatalytic degradation of gaseous acetone over TiO2, no products other than those 
of complete combustion were detected. In a study ofYu ei al. [77], a near 3:1 ratio of 
carbon dioxide produced to gaseous acetone destroyed was observed in their reactor. 
Their results indicated that there are no significant intermediates formed during the 
photocatalytic degradation of gaseous acetone in air. 
Simpler preparation method of the zeolite-loaded TiO2 
Our preparation method requires only direct interaction of Degussa P25 and Aldrich 
41909-5 powders. This procedure is much easier than the sol-gel methods that involve 
acid hydrolysis of titanium alkoxide precursors [18，48, 54, 68]. The typical procedures 
to prepare the adsorbent-loaded TiO2 require the mixing of tetraisopropoxide with acid. 
Then the pH of the slurry should be adjusted to about 3-4 to prevent the destruction of 
the zeolites. After the adsorbent is added into the TiO2 colloids, the resulting mixed 
suspension should be washed with large amount of distilled water until the pH of the 
supernatant becomes neutral. Then the isolated adsorbent-loaded TiO2 is calcined at 
about 300 °C. The coupling of organophilic molecular sieves and TiO2 in our study is 
technically very simple. It prevents the procedures of washing the produced catalysts 
with large amount of water and remaining of metal ions like sodium ion in the catalysts. 
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Chapter 4. Conclusion 
A simple experimental setup can be used for studying the photo-catalytic degradation 
of volatile organic compounds. This reactor was used for a preliminary study of the 
catalytic degradation of simple alkanes by Degussa P25 TiO2. The rate of 
photocatalytic degradation of simple alkanes is about half of that of acetone. 
A simple preparation method requires only direct interaction of Degussa P25 and 
Aldrich 41909-5 powders was used. This procedure is much easier than the typical 
sol-gel methods used in other studies. 
The photocatalytic activity of semiconducting titanium dioxide supported on an 
organophilic molecular sieves (Aldrich 41909-5) for the degradation ofgaseous phase 
acetone was studied. Its photocatalytic efficiency is 41 % higher than that ofthe pure 
P25 TiO2. Catalysts with various weight percentages were prepared by mixing 
different stoichiometric amounts of Degussa P25 TiO2 and molecular sieves. The 
optimum normalized degradation efficiency was found to occur over the catalyst 
containing 50 wt.% TiOj and 50 wt.% molecular sieves. Our study demonstrated that 
photocatalytic degradation of volatile organic pollutants over TiO2 loaded on strong 
adsorbents could increase the degradation efficiency. The use of a support having an 
appropriate adsorption toward a target pollutant has great potential in photocatalytic 
degradation treatment. The support can concentrate pollutants from the environment, 
and reduces the iso-electric point of the catalyst. The rate of photo-degradation 
increases as pollutant molecules and hydroxyl groups accumulate around the photo-
active center ofTiOj. 
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Since there is no change in the iso-electric point of the pure TiO2 after calcination, it 
shows that no formation of new acid sites or change of sites on TiO2 The increase in 
the concentration of hydroxyl groups on the molecular sieves-loaded TiO2 indicated 
by the iso-electric point may simply be due to the addition of the zeolite sites. It is 
also showed that organophilic molecular sieve attracts hydroxyl groups but itself is 
not a material for semiconductor photocatalysis. 
For TiO2 loading less than 50 wt % the degradation efficiency of acetone is 
proportional to the TiO2 content, the amount of adsorbed acetone does not have 
significant effect. The degradation rate is controlled by the amount of TiO2. The 
relative occupation of TiO2 to molecular sieves decreases with the decrease in TiO2 
content. The difflision length of adsorbed acetone to TiO2 becomes great and causes 
the apparent decrease of the degradation efficiency. 
Beyond about 50 wt % loading of TiO2, the degradation efficiency decreases with 
increasing the TiO2 loading. The amount of adsorbed acetone determines the rate in 
this region. The decrease of degradation efficiency with increase of TiO2 content 
resulted from a decrease in the amount of adsorbed acetone. The decrease in the 
amount of adsorbed acetone results from decrease of occupancy of the molecular 
sieves support with increase of the TiO2 loading. 
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A Demonstration: Photocatalytic Degradation of a 
Gaseous Organic Pollutant, Dichloromethane 
Photocatalytic degradation is a relatively new technique for the treatment of water and 
air pollution. Despite its great potential, photocatalysis is seldom mentioned in 
undergraduate chemistry courses. A demonstration is designed to arouse interest in this 
technique by showing the students how easy it is to degrade a gaseous organic pollutant, 
dichloromethane, with an anatase TiO2 photocatalyst [75]. 
Introduction 
When anatase powder (TiO2) is illuminated by UV light with wavelength below -390 
nm, electrons in the valence band (vb) are excited to the conduction band (cb) leaving 
behind positive holes (h+) [22]. These holes react with hydroxide ions in water vapor 
adsorbed on the surface ofTiO2 resulting in the formation ofhydroxyl radicals (OH»). 
•I 
The hydroxyl radicals are a very strong oxidizing agent, and can react with organic 
compounds to produce simpler products like CO2 and H2O, or HC1 if halogenated 
compounds are involved. 
TiO2 + hv^h 'vb + ecb (12). 
h'vb+ OH- ^ OH* (13) 
Organic compound + OH* — CO2 + H2O (14) 
This photocatalytic oxidation process has been shown to successfiilly degrade a wide 
variety oforganic contaminants, including trichloroethylene, trihalomethane, pesticides, 
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polychlorinated biphenyls, and polyaromatic hydrocarbons, into non-toxic compounds 
[79]. Although UV sources with high intensity are often used in photodegradation, 
these UV lamps are relatively expensive and may not be suitable for classroom 
demonstrations. Direct sunlight, which has a fraction of its energy in the near-UV 
region, can also be utilized to induce photodegradation on TiO2 catalyst. This makes 
photocatalytic oxidation an inexpensive treatment technique for organic contaminant 
[79]. 
This demonstration illustrates the degradation of a volatile organic compound, 
dichloromethane (CH2Cl2), by sunlight and TiO2 catalyst. The reaction may be 
expressed as follows: 
CH2Cl2 + 40H* ^ CO2 + 2H2O + 2HC1 (15) 
The formation ofHCl gas can be monitored easily by the following methods: 
1. Color change of a universal pH test paper: 
HC1 (g) + H2O (1) ^hydrochloric acid (16) 
(change the color of test paper from green to red) 
2. Fog formation when reacts with ammonia: 
HC1 (g) + NH3 (g) — NH4Cl (s) (white particulate) (17) ‘ 
Experimental 
Reagents: 
1. Titanium dioxide powder (Degussa, P25 TiO2) 
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2. Dichloromethane (Merck, Spectroscopic grade) 
3. Conc. ammonia solution (Merck, 32% Extra pure) 
4. Universal pH paper, pH 1.0 �11 .0 (Advantec) 
TiO2 photocatalyst: 
Degussa P25 TiO2 is the most popular photocatalyst for environmental applications. It 
is a 70:30% anatase-to-rutile mixture with a BET surface area of 55 士 15 mV^ and 
crystallite sizes of30 nm in 0.1 i^m diameter aggregates [9]. Since the Photocatalyst is 
commercially available, it is not necessary to prepare it in the laboratory. However, if 
the students are ready for an advanced inorganic synthesis, TiO2 may be prepared from 
TiCl4 by the citric acid complexing method [80]. In a fume hood, TiCl4 is added slowly 
and with constant stirring to a solution of 0.5 M HC1. Citric acid is then dissolved into 
the mixture in a 1:1 TiCl4-t0-citric acid mole ratio. After sonication for 5 minutes, this 
solution is heated on a hot plate to remove HC1 and H2O thoroughly. The resulting 
precipitates are calcined in air at 400�C for 3 hours. This method produces a TiO2 
catalyst with photoreactivity comparable to that of Degussa P25. The product is a 
90:10% anatase-to-rutile mixture with a BET surface area ofapproximately 45 m \ ' \ If 
citric acid is not added, a much higher calcination temperature ( � 5 5 0 � C ) would be 
required. The TiO2 thus produced is much less photoreactive due to the high rutile 
content and large crystal size. 
Coating ofTiO2 onto glass plates: 
Dissolve about 3 g ofTiO2 powder in 60 mL ofEtOH/H2O (3:7 v/v) solution. Stir the 
mixture to obtain a uniform suspension. Dip a piece of microscopic slide into the 
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solution and let the powder coated on the glass plate. Dry the plate by hair-dryer to 
remove most of the solvent. Then dip it into the suspension again. Repeat the 
procedure several times until a thin and uniform layer ofTiO2 powder is coated on the 
glass plate. Finally put the plate in an oven at 110�C ovemight to dry and stabilize the 
coating. About 0.05 g ofTiO2 powder will be coated on the plate. The catalyst plates 
can be reused many times over. 
Preparation of the experiment: 
Eight 250-mL Erlenmeyer flasks are prepared as shown in Table 15. Place the catalyst 
plates and the HC1 indicators in the flasks as needed. In a fume hood, add about 0.3 ml 
of dichloromethane into each flask, and then cork it tight with a rubber stopper. Four of 
the flasks are exposed to direct sunlight, and the rest are kept in the dark. 
Table 15: Preparation of the Demonstration Experiment 
Sunlight Catalyst plate HC1 Indicator 
A Yes Yes pH paper 
“ 
B Yes No pH paper 
C No Yes pH paper 
D No No pH paper 
E Yes ^ 2 drops 0fNH3 
F Yes No 2 drops 0fNH3 � 
G No Yes 2 drops 0fNH3 
H No No 2 drops 0fNH3 
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Results and Discussion 
Observable changes should begin to appear in flasks A and E in 30 minutes or less 
depending on the intensity of sunlight. Typical results are summarized in Table 16. In 
flask A, the pH paper changes its color from green (pH 6-7) to red (pH 1-2) indicating 
the formation of a strong acid. The formation offog in flask E leaves little doubt the 
presence ofHCl gas. 
Table 16: Typical Results ofthe Demonstration 
Color change of pH paper 
A Green ^ Red 
B No change 
C No change 
D No change 
NH3 test 
E Foggy 
F No change 
_ _ ^ _ ^ _ ^ " > ^ ^ ^ - ^ _ < ^ _ ^ ^ _ ^ _ > ^ ^ ^ _ ^ ^ ^ ^ ^ ^ _ ^ ^ _ ^ ^ _ “ 
G No change 
H No change 
The results show clearly that both light and TiO2 catalyst are required in photo-
degradation reactions. Furthermore, semi-quantitative kinetics studies are possible by 
recording the time it takes to reach a certain pH value. 
The application of TiO2 as a heterogeneous photocatalyst in degrading liquid phase 
organic pollutants can also be demonstrated using the same chemicals and apparatus. 
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Approximately 1 g of anatase is mixed with about 4 mL of dichloromethane in a 250-
mL Erlenmeyer. A piece of universal pH paper is placed into the slurry mixture, and the 
flask is corked. Under direct sunlight, a noticeable change in the color of the pH paper 
should be seen in 10-15 minutes. 
Our experience shows that two 15W 365nm UV fluorescent tubes placed right next to 
a flask are about as effective as direct sunlight for this experiment. It takes 
approximately 30 minutes to see results. A 50W tungsten halogen lamp may also be 
used as the light source. However, the UV radiation from such a source is very weak, 
and it takes at least two hours to show the changes. The Ti62 photocatalyst can be 
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